Structure analysis of a natural chabazite was conducted at 123 K using single crystal X-ray diffraction. We have observed that in one of water sites, the electron density distribution, which seemingly has one peak at room temperature, is clearly separated into the two peaks at 123 K because of the reduction of atomic thermal vibrations. Thus, we have revealed that this water site is located at the different Wyckoff position from the previously assigned position. The refined occupancies show that the crystal was partially dehydrated by a continuous flow of dry cold N 2 gas introduced in the intensity measurements at low temperature. This partial dehydration provides important knowledge of the site preference for dehydration and the cation migration with dehydration, from comparison with the occupancies at room temperature with full hydration.
INTRODUCTION
Chabazite [idealized formula Ca 2 Al 4 Si 8 O 24 ·12H 2 O] is a promising natural zeolite as heat absorbents for the zeolite-water heat pump system because of its high heat-exchange abilities [1] . Detailed knowledge on positions of water molecules and exchangeable cations, present in the structural voids, is indispensable for elucidating its properties as heat absorbents, because the heat-exchange abilities can depend on the strengths of the interactions between water molecules and their neighboring chemical species. Despite such an importance, a consensus on their positions in chabazites had not been obtained [216] . Recently, we successfully determined their positions in a natural chabazite at room temperature using a single crystal X-ray diffraction method and reported the presences of five water sites (OW1OW5) and four exchangeable-cation sites (Ca1Ca4) [17] (Fig. 1 ). Water molecules in zeolites often have remarkably large displacement parameters, because of their pronounced positional disorders in addition to their large thermal vibrations due to loose bonding with exchangeable cations. Our previous study [17] also suggested the existence of such positional disorders in the chabazite. Reducing thermal vibrations of water molecules can provide an insight into their positional disorder. For this purpose, we here perform the single crystal X-ray diffraction study of the chabazite at a low temperature of 123 K.
EXPERIMENTAL
Single crystal of a hydrated natural chabazite from Komuro, Oh-hito, Shizuoka Prefecture, Japan was used in the present study. In our previous study [17] , its composition was determined to be Ca 1.57 Na 0.49 Al 3.39 Si 8.55 O 24 ·12.47H 2 O using an atomic absorption spectrophotometer and TG analysis. The single crystal selected for X-ray diffraction intensity measurements was ground into a sphere of 0.21 mm in diameter and was subsequently mounted on a glass fiber. Intensity data were collected at 123 K using a Rigaku AFC-7R four-circle diffractometer with the graphite-monochromatized Mo K radiation ( = Fig. 1 . Arrangements of equivalent positions of (a) water sites and (b) exchangeable-cation sites determined at room temperature [17] .
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STRUCTURE ANALYSIS
The structure refinements were carried out by minimizing the residual factor w(F o -F c ) 2 using a full matrix least-squares program RADY [18] , where w = 1/ 2 (F o ). In the structure refinements, scattering factors of Al 3+ and Si 4+ [19] were used for cations in the aluminosilicate framework and those of O 2- [20] were used for oxygen atoms in the framework and water molecules. Scattering factors for Ca 2+ and Na + were also taken from Ref. [19] , but the averaged scattering factors based on the Ca 
, were used for the exchangeable cations. The correction terms for anomalous dispersion of each element were taken from Ref. [19] as well. The positions of water molecules and exchangeable cations were determined from difference Fourier syntheses, but positions of hydrogen atoms in water molecules were not determined. In the structure refinements, the occupancies of Si 4+ and Al
3+
, belonging to the aluminosilicate framework, were fixed at the values obtained from the chemical analysis. For all the atomic sites included in the refinements, an anisotropic thermal motion model was applied to the displacement parameters. A correction for isotropic extinction effects (Type II) [21, 22] was performed during the refinements.
The crystallographic data, data-collection and refinement parameters are given in Table I . The refined structural parameters are given in Tables II, III and IV. Selected interatomic distances are listed in Table V. 4. RESULTS AND DISCUSSION 4.1 Electron density distributions around water sites From the difference Fourier synthesis at 123 K, we confirmed the presences of the four exchangeable-cation sites and the five water sites, as observed at room temperature [17] . Of these water sites, OW2 site has been considered to be located at the Wyckoff position 3e (atomic coordinates: 0.5, 0.5, 0) on a mirror plane to date. However, as shown in Fig. 2a , we found that the electron density distribution around OW2 site at 123 K Table I . Crystallographic data, data-collection and refinement parameters at 123 K is clearly separated into the two peaks located at the Wyckoff position 6f (atomic coordinates: x, x, 0) slightly offset from the mirror plane. The structure refinement at 123 K was performed by assigning OW2 site to the 6f position and converged smoothly to R = 0.0417 and R w = 0.0392, somewhat smaller than those (R = 0.0435, R w = 0.0411) from the refinement assigning it to the 3e position. Meanwhile the electron density distribution around OW2 site at room temperature (Fig.  2b) , calculated from our previous data [17] , appears to have one peak located at the 3e position, but its shape is somewhat elongated in the direction of the peak positions observed at 123 K, showing the possibility that actual position of OW2 site at room temperature is also the 6f position. To examine this possibility, we re-refined the crystal structure at room temperature, reported in our previous study [17] , by assigning OW2 site to the 6f position. The refinement converged smoothly, and the resulting R values (R = 0.0270, R w = 0.0262) were somewhat improved compared with those (R = 0.0275, R w = 0.0265) from the refinement assigning OW2 site to the 3e position, as well as the case at 123 K. The refined positional parameters of OW2 site are (0.4755(5), 0.4755, 0) at 123 K (Table II) The values in brackets represent the dehydration ratios calculated from 1P(OWi) 123 /P(OWi) rt , where P(OWi) is the occupancy of the water site i; the subscript letters "123" and "rt" represent 123 K and room temperature, respectively. [17] . On the other hand, the water content at 123 K is considerably smaller than that from the chemical analysis [17] , probably because of a continuous flow of dry cold N 2 gas. As show in Table IV , the occupancies of OW1 and OW2 sites significantly decrease with this dehydration although the changes in the occupancies of the remaining water sites are unclear because of their large uncertainties. This result agrees essentially with our recent study [23] , which reported OW2 site to be a preferential dehydration-site from the structure refinement (assigning it to the 3e position) of the slightly partially-dehydrated sample (Ca 1.57 Na 0.49 Al 3.39 Si 8.55 O 24 ·11.53H 2 O). Although in our recent study [23] , dehydration behavior from OW1 site was somewhat unclear because of its relatively large uncertainty, the present results show that OW1 site is surely one of the most preferential dehydration-sites from its high dehydration ratio (Table IV) .
The separations between the two water molecules (OW1, OW2) preferential for dehydration and their nearest framework O atoms [OW1···O1 = 3.11(2) Å at 123 K and 3.18(2) Å at room temperature; OW2···O1 = 2.967(6) Å at 123 K and 3.000(5) Å at room temperature] (Table V) are very close to the upper limit of the acceptable O···O distances for hydrogen bonding (2.4~3.2 Å [24] ). Thus, the preference of OW1 and OW2 sites for dehydration can be closely related to strength of hydrogen bonds between the framework O atoms and both water molecules. Moreover, Table IV shows that the Ca1 occupancy decreases and the Ca3 occupancy increases with the desorption of OW1 water molecules, whereas the occupancies of the remaining exchangeable-cation sites do not change largely. This shows that Ca1 cations, coordinated only by water molecules (OW1, OW5) [17] , migrated to Ca3 site, surrounded by framework O atoms. In this way, the instability of Ca1 cations due to the loss of their coordination water-molecules is rescued by the re-supply of ligands due to the migration to Ca3 site.
CONCLUSIONS
We have carried out the structure analysis of a natural chabazite (Ca 1.57 Na 0.49 Al 3.39 Si 8.55 O 24 ·12.47H 2 O) at 123 K. The electron density distribution at the low temperature made it clear that the actual position of OW2 site is the Wyckoff position 6f, although this site has been assigned to the Wyckoff position 3e to date. Thus, single crystal X-ray diffraction study at low temperature is promising for the accurate determination of water positions in zeolites, because of the reduction of their thermal vibrations.
A continuous flow of dry cold N 2 gas, introduced in the intensity measurements at 123 K, brought about the partial dehydration of the present crystal. From comparison of the occupancies at 123 K and room temperature refined by assigning OW2 site to the 6f position, we conclude that water molecules are preferentially desorbed from at least OW1 and OW2 sites. The desorption of OW1 water molecules yields the migration of Ca1 cations, coordinated only by water molecules (OW1, OW5), to Ca3 site, surrounded by framework O atoms.
